INTRODUCTION
Renal transplantation is the preferred therapy for patients with end-stage renal disease (ESRD) because it is associated with better long-term survival, [1] improved quality of life, and lower costs [2] . For potential deceaseddonor renal transplant recipients, time spent on the transplant wait list has increased during the past decade. For those patients listed in 2009, it is expected that median wait time will approach 4 years, an increase of nearly 25% compared with wait times for patients listed in 2004 [3] . A longer renal transplant wait time-particularly when receiving maintenance hemodialysis-is associated with an increased risk of cardiovascular and other morbidity and shorter graft and patient survival after transplantation [4, 5] .
Several factors have been consistently associated with longer renal transplant wait times, including non-white race, B and O blood types, and immunologic sensitization, as reflected by an elevated panel reactive antibody (PRA) level [6, 7] . Along with pregnancy and prior organ transplant, transfusion of red blood cells can contribute to the elevation in PRA among renal transplant candidates [8] , which suggests that transfusion might be associated with longer transplant wait time.
Anemia of chronic kidney disease (CKD) is highly prevalent among patients listed for renal transplant. The management of this condition has undergone a major change in the past 20 years, as erythropoiesis-stimulating agent (ESA) therapy has largely replaced intermittent transfusion of packed red blood cells among patients with ESRD. Although the rates of blood transfusion have declined substantially in this population [9] , it still remains a common intervention in patients not treated with ESAs [10] .
Despite the relatively recent evolution of anemia management among patients with late-stage CKD, the impact of packed red blood cell transfusion or ESA therapy on transplant wait time has not been systematically reported. The goal of this study was to determine that impact among those listed for first deceased donor renal transplant.
listed for a deceased donor kidney transplant. The study was approved by the Geisinger Medical Center Institutional Review Board in December, 2009 (protocol # 20100136) . The data source was EpicCare, Geisinger Medical Center's electronic health record, which contains detailed demographic, lifestyle (e.g., smoking), procedural, laboratory, radiographic, vital, and other clinical data for all patients receiving care at any of more than 40 outpatient clinics and 3 inpatient facilities, and has been previously used as a research instrument [11] .
All The Charlson Comorbidity Index (CCI) [12] score was calculated at baseline for each patient. Baseline laboratory and vital information was recorded using the value closest in time and preceding the transplant listing date. For the purposes of coding maintenance dialysis and intravenous (IV) iron status, outpatient CPT codes for hemodialysis or peritoneal dialysis (90960-63, 90966, 90999, 90945, 90947) and a prescription order for IV iron at any point during the period 6 months before transplant listing date through end of the study period qualified. All laboratory analyses were performed at a single central laboratory located on the campus of the Geisinger Medical Center, with the exception of human leukocyte antigen (HLA) antibody testing, which was performed at a single external contracting laboratory using the Luminex ® 100™ IS Total System analyzer (Luminex, Inc; Austin, TX, USA), with One Lambda PRA microcytotoxicity reagent testing (One Lambda, Inc; Canoga Park, CA, USA). Patients were censored for death, or at the end of the study period.
The primary exposure of interest was packed red blood cell transfusion during the period 6 months before listing date through the end of the study period. For the purpose of providing a descriptive comparison of the group transfused vs. those not transfused (as shown in Table 1 ), transfusion was treated as a simple binary stratification term (i.e., if ever transfused during the period 6 months prior to listing through the end of the study period, a subject was grouped in that category). For the adjusted, time-to-event analysis, however, cumulative transfusion burden was considered (i.e., each distinct transfusion event was included in the model in additive fashion, and only at the time at which it occurred). In this manner, exposure was defined at the time of transfusion, rather than assuming a fixed exposure at the start of transplant wait time. The number of transfused units at each transfusion occurrence was not considered-each transfusion event was considered equivalent regardless of the total number of units transfused. Transfusion was identified using CPT code 36430 (transfusion of blood or blood components) during the study period, and was confirmed by cross-linking medical record numbers for cohort members with Geisinger's internal blood bank database.
The secondary exposure of interest was any ESA therapy (prescription order for Epoetin alfa or darbepoetin alfa) during the period 6 months before listing date through the end of the study period. As with transfusion, ESA therapy was treated as a time-dependent variable in the Cox proportional hazard model. For ESA, this meant that a patient with a prescription for ESA was treated as "exposed" for a period 12 months after that order date, but unexposed during other periods, if no refill or new order was placed for the medication. In this manner, gaps in ESA therapy were accounted for in the Cox model.
The primary study outcome was transplant wait time, defined as the time in months from index date to date of deceased donor kidney transplantation.
STATISTICAL ANALYSIS
Descriptive statistics, including mean and standard deviation (SD) for continuous variables and frequency and percentage for categorical variables, were presented for OPEN ACCESS the study sample stratified by transfusion status. Demographic and medical characteristics were compared between the two groups using the 2-sample t-and Pearson chi-square tests as appropriate. For descriptive purposes, Kaplan-Meier curves were presented estimating the cumulative incidence of transplant for the two groups. Cox proportional hazard regression models were used to estimate the adjusted associations with transplant wait time. First, univariate regression models were employed. Variables from the univariate analysis associated with the outcome at P < 0.10 or that were plausibly associated with transplant wait time were included in a full multivariate Cox regression model to account for possible confounding effects. In the Cox model, both transfusion and ESA were treated as two distinct temporal exposures-therapy during the 6-months prior to listing date, and therapy after the listing date. The results of the models were expressed as hazard ratios (HRs) with 95% CIs. A HR greater than one meant the corresponding variable was associated with higher probability of receiving a transplant, hence a shorter transplant wait time. SAS ® Version 9.2 (SAS Corporation, Cary, NC, USA) was used for all analyses.
RESULTS
During the study period, 485 patients were listed for first renal transplantation. Of these, 78 received a living donor kidney and were excluded, leaving 407 patients in the final study cohort. The median follow up period was 26.3 months, during which 84 patients received a deceased donor renal transplant. 71 patients (17%) received a total of 162 transfusions during the study period; 7 patients received a total of 8 transfusions during the 6 month period prior to transplant listing, and 67 patients received a total of 154 transfusions after the listing date. Of those transfused after the listing date, 45 (67%) received 2 or fewer units, while 22 (33%) received 3 or more.
At baseline, differences were minimal between those who received transfusions and those who did not ( Table  1) . Patients who received a transfusion at any point during the study period were more likely to have diabetes and a greater co-morbid disease burden than patients who did not. ESA use prior to transplant listing was similar between those who did and did not receive a transfusion. There was no statistically significant difference observed in peak PRA levels during the study period between the 2 groups in patients with PRA data available. Because approximately half of the overall study population had no recorded PRA level during the study period, this covariate was not included in adjusted models.
Among patients who received a transfusion at any time during the study period, 4 (5.6%) received a deceased donor kidney transplant during the study period, compared with 80 (23.8%) patients who had no transfusion. Twenty-three (32.4%) deaths occurred while awaiting renal transplantation in the transfusion group; 69 (20.5%) deaths occurred in the no-transfusion group (P = 0.03).
In the unadjusted analyses examining the association with time to first renal transplant, higher body mass index (HR = 0.96; 95% CI, 0.93 -0.99; P = 0.02), inactive UNOS status at time of listing (HR = 0.83; 95% CI, 0.75 -0.91; P < 0.001), and transfusion of packed red blood cells during the wait list period (HR = 0.18; 95% CI, 0.04 -0.48; P < 0.001) were significantly associated with longer transplant wait time. Age, gender, race, weight, blood type, CCI score, co-morbid conditions, baseline hemoglobin level, baseline glomerular filtration rate, baseline dialysis status, prior ESA use, and peak PRA levels were not statistically significant predictors.
In the multivariate Cox proportional hazard regression analysis, independent predictors of longer transplant wait time included baseline inactive UNOS listing status and transfusion of packed red blood cells after the date of listing, but not within 6 months prior to the listing date ( Table 2 ). Exposure to ESA prior to the listing date (HR 0.82, 95% CI 0.44 -1.56, P = 0.55) or during the wait list period (HR 0.88, 95% CI 0.45 -1.72, P = 0.7) was not significantly associated with time to first deceased donor renal transplant. Co-linearity (between ESA exposure prior to and after waitlisting, and similarly between transfusion status prior to and after waitlisting) was assessed. These analyses were nonsignificant. In addition, as ESA use may be more likely in those requiring a blood transfusion, the Cox model was repeated after first excluding anyone who was transfused (n = 71); this did not substantially alter the association between ESA use and transplant wait time (data not shown). 
DISCUSSION
In this health system analysis, blood transfusion after listing for renal transplant was strongly associated with prolonged renal transplant wait time; patients who received a transfusion after the listing date were more than 70% less likely to receive a deceased donor renal transplant for each unit transfused, compared with those who were not transfused. There was a trend towards longer transplant wait time among those transfused during the 6 months prior to wait list date which was not significant, potentially because of the relatively small number of transfusions (n = 8) occurring among the cohort during this time period.
The relationship between blood transfusion and renal transplant outcomes is complex and controversial. Historically, pre-transplant transfusion was thought to confer a graft-protective effect via induction of immunologic tolerance [13] . The introduction of improved immunosuppressive regimens-specifically calcineurin inhibitor-based regimens-was thought to negate this potential beneficial effect [14] , and the practice has been largely abandoned. However, studies examining this question have not addressed the impact of transfusion on transplant wait time, the focus of our study.
While the impact of transfusion on PRA levels has been studied, [15] and the association between higher PRA levels and delayed renal transplantation is wellrecognized [6, 7] , to our knowledge no prior study has directly assessed the association between transfusion of packed red blood cells and renal transplant wait time.
Although our study cannot demonstrate causality, the association between transfusion after listing date and prolonged wait time remained strong despite the inclusion of other covariates that might be associated with prolonged transplant wait time.
ESA therapy was not independently associated with shorter transplant wait time in this analysis. There are multiple potential explanations for this observation. ESAs are not immunologically inert; varying effects of this class of drugs on human T-cell function and cytokine signaling have been reported [16, 17] . However, the net effect of the cytokine-modulating actions of these drugs on immune profiles is not clear.
Second, any potential beneficial impact of ESAs on transplant wait time might be limited to those with higher peak PRA levels, a subgroup of patients who are underrepresented in our analysis. Several older, small studies have examined the impact of ESA therapy on PRA levels among ESRD patients [18] [19] [20] . As a whole, these studies would suggest the impact of ESA therapy on PRA levels is modest, and perhaps limited to those most highly sensitized [18] [19] [20] . The fact that this study cohort included very few patients with peak PRA levels > 80% might have limited our ability to demonstrate that impact.
Finally, the effects of confounding by ESA indication not accounted for in the analysis should be considered. ESA therapy occurred more frequently among those who received transfusions than those who did not, though the difference was not significant. In addition, the effect estimates for ESA in the Cox model were qualitatively no different after excluding those who were transfused from the analysis.
These findings have potential clinical implications. In an era of heightened ESA sensitivity due to concerns about the cardiovascular risks of this medication class, an increase in transfusions among patients with late stage 4 CKD might be expected. While our findings do not establish causality between transfusion and longer wait time, increased reliance upon transfusion as an anemia management strategy among this population may prolong wait time for listed patients. Further, our findings would not suggest that ESA therapy as a transfusionavoidance intervention would shorten time spent on the wait list. Therefore, as with trends in anemia management generally among patients with advanced CKD, tolerance of a lower hemoglobin level for the appropriate waitlisted patient may be the approach with fewest negative potential consequences. When transfusion is required, use of leukopore-filtered blood products may limit the potential immunologic impact.
This study has limitations. Because a subset of the patient population received maintenance hemodialysis outside the Geisinger system, data regarding medication use and laboratory tests may be incomplete for these patients; therefore, misclassification bias may have occurred. Although the multivariate model included covariates that might be associated with transplant waiting time and transfusion, the potential for residual confounding in this cohort study persists, particularly for factors related to unobserved comorbid disease severity. Additional limitations include limited data on PRA levels for study participants: PRA results were obtained for all patients who received blood work, but not all study participants-in fact nearly half of the population-had these tests performed after the index date, likely because of the relatively large numbers of patients listed as inactive at the time of transplant listing. Finally, the predominantly white study population reflects the demographic profile of central Pennsylvania but is not representative of the overall US population with advanced CKD, thus limiting the generalizability of the study findings to more racially diverse populations.
In conclusion, transfusion of packed red blood cells after listing for renal transplant strongly correlates with prolonged transplant wait time among patients listed for first deceased donor renal transplant.
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